A new Ir(III) cyclometallated complex bearing a fluorenyl 5-substituted-1,10-phenanthroline ligand ([Ir(ppy) 
Introduction
Cyclometalated Ir(III) complexes are robust, synthetically versatile and both photochemically and thermally stable. Ir(III) has also attracted attention as it facilitates very efficient 25 intersystem crossing (ISC) due to its large spin-orbit coupling value, ultimately leading to quantitative population of the molecule's triplet excited state. 1 This long-lived triplet metal-toligand charge transfer excited state ( 3 MLCT) can be populated either directly or via energy redistribution from excited singlet 30 states located on the surrounding organic ligands. 2 The spinforbidden nature of the radiative decay process is slightly relaxed due to partial triplet character of the ground state, 2 resulting in high phosphorescence quantum efficiency from the lowest triplet excited state. This results in a large Stokes shift between 35 excitation and emission and provides an efficient mechanism for triplet-triplet energy transfer (Förster mechanism) to the ground state of 3 O 2 , so generating cytotoxic 1 O 2 . Additionally, Ir(III) polypyridyl based complexes enable broader tuning of the intrinsic photophysical properties 3 when compared to the lighter 40 group congeners Fe(II) and Ru(II). This is principally due to increased ligand-field stabilization energy and pronounced decoupling of the 3 MLCT excited states with those that are metalcentred; these are essentially thermally inaccessible under ambient conditions. 4 For instance, homoleptic Ir(III) complexes, 45 such as the related compound Ir(ppy) 3 possess desirable spectroscopic properties including long-lived electronic emitting states and high photo-luminescence quantum efficiencies. 5 As with Ru(II) complexes, the kinetic inertness of the coordination sphere of most Ir(III) complexes permits the construction of 50 heteroleptic complexes, 6 but also the use of dedicated complexes as synthons on which to graft additional functional organic chromophores (the concept of "chemistry on the complex" 7 ). For these reasons homo-and heteroleptic Ir(III) complexes have been used extensively for sensing and bio-imaging, 8 for example as the 55 light-emitting component in organic light-emitting devices 9 , and in triplet-triplet annihilation upconversion schemes. 10 The MLCT transitions occurring within such complexes have implicit longrange (donor-acceptor) charge transfer character, which is known to be crucial for enhanced nonlinear optical (NLO) properties, 60 including two-photon absorption (2PA). In this context, certain cyclometallated Ir(III) complexes have been reported to be relatively good two photon absorbers, more than suitable for applications involving 2PA. 11 During the preparation of this manuscript, Zhao et al reported the three-photon absorption of 65 related cylometallated Ir(III) complexes with oligofluorene substitution. 12 Two photon absorption is a third order NLO phenomenon in which the simultaneous absorption of two photons occurs under high intensity laser irradiation (high photon flux, such as that 70 delivered by short-pulse lasers) leading to population of electronic excited states usually accessed with visible or UV light. Additionally, due to the quadratic nature of 2PA, high spatial resolution of excitation is possible when using focused light since excitation only occurs in the focal volume of the femtosecond pulsed laser (around a femtolitre). One of the biological applications that Ir(III) polypyridyl complexes are particularly suitable for is photodynamic therapy 5 (PDT). PDT is a non-invasive clinical treatment for certain cancers, pre-cancerous lesions and other non-malignant illnesses including age-related macular degeneration and viral infections (amongst others). A photosensitiser (PS) with a predominant triplet excited state character is employed to generate cytotoxic 10 1 O 2 in the area under irradiation, thereby locally destroying affected cells. By using two-photon excitation, it is possible to use light in the biologically more transparent near-IR (nIR) region, where tissue is less absorbing, leading to deeper penetration of light into biological tissue (typically ≥ 500 µm). While the compound Photofrin (porfimer sodium, a porphyrin oligomer), is the most commonly used commercial PS for visible one-photon PDT in patients with endobronchial non-small-cell lung cancer, related tetrapyrroles and conjugated porphyrin derivatives have enabled the development of more efficient one 20 and two photon red and nIR photosensitsers (700-900 nm). 14 However, 2PA is often desirable for the localisation of irradiation area and minimisation of damage to healthy peripheral tissue. The 2PA cross-section of Photofrin was evaluated to be around 7 GM (Goeppert-Mayer units, and 1 GM = 10 -50 cm 4 s molecule -1 25 photon -1 ) at 850 nm. Supra-molecular edifices based on prophyrins 15 can give very high 2PA cross section values of up to 7600 GM. Nevertheless, it is also important to maximise the 1 O 2 generation efficiency, via variation and optimisation of the excited state characteristics of the PS. 30 We reported previously the interest of 5-substituted-1,10-phenathroline ligand-based Ru(II) complexes for their linear and nonlinear optical properties, and their potential application in optical power limiting 16 and as photosensitisers for 2PE-PDT.
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The 5-fluorenyl-substituted-1,10-phenanthroline ligand, L1 (see 35 Figure 1 for the molecular structure) was chosen for its distinctive optical properties and its ability to complex heavy transition metals. It has been shown that the two-photon absorption cross section (σ 2 ) of Ru(II) phenanthroline (phen) complexes is increased by coordination of the fluorene pendent at the fifth 40 position of phen in [Ru(phen) 2 (L1)] 2+ compared to the unsubstituted 1,10-phenanthroline ligand in [Ru(phen) 3 ] 2+ (from 20 to 40 GM at around 740 nm) 18 Additionally, the non-planar geometry of this ligand can prevent aggregation, which may limit aggregation induced self-quenching and exciplex formation at 45 higher localised concentrations in addition to affecting the biological distribution of the compound in a as far as potential bio-applications are concerned. Control of the solubility of the complex is afforded by substitution of the alkyl chain e.g. with triethylene glycol (TEG) for water solubility, with no detrimental 50 effect on the photophysical properties. Previously, a homoleptic Ru(II) complex with three coordinated L1 ligands featuring the TEG functionality was reported as a fairly efficient photosensitiser proposed for two-photon PDT; a 2PA crosssection σ 2PA around 40 GM was determined at 740 nm which 55 corresponds to the wavelength used in the two-photon biological experiments. 19 In this work, a heteroleptic Ir(III) complex has been synthesised involving two cyclometallating 2-phenylpyridine (ppy) ligands and 5-fluorene-1, 10- 18 (see Figure 1 ). The complex was fully characterised by 1 H NMR, mass spectrometry, elemental analysis and singe crystal X-ray diffraction. (See experimental section). 
One-Photon Absorption and Emission
The absorption spectrum of IrppyL1 is composed of a broad, weak band in the 420-480 nm range attributed to triplet d Ir(III) -π* metal-to-ligand charge-transfer ( Figure 3 and see SI for expanded graph). This is in accordance with previous assignments for this genre of Ir(III) complex involving ppy and polypyridyl ligands. 12, 21 A broad and more intense band between 370 and 420 nm (λ max around 400 nm), is assigned to the 1 MLCT, and finally 15 bands at shorter wavelengths than 350 nm which are mainly ascribed to intra-ligand charge-transfer (ILCT) and π-π* electronic transitions centred on aromatic rings. These features are also reproduced in the excitation spectrum (see Figure 3 ). The emission maximum wavelength is around 600 nm in 20 acetonitrile. Given that the radiative decay-time of IrppyL1 is of microsecond order, (see Table 1 ), the principal emissive excited state in the complex can be mainly ascribed as arising from the 3 MLCT state. The absolute value of the quantum yield was measured at 400 nm excitation, in degassed acetonitrile using an integrating sphere 30 and found to be 23 % (see Table 1 ), the corresponding value in aerated and oxygenated solvent was found to be much lower (3 and 1 %, respectively). In the solid state, the luminescence quantum yield was determined to be 40 %. transitions, as desired for nonlinear and especially two-photon absorption properties.
Computational Study
In order to further elucidate the nature of the electronic 50 transitions, density functional theory (DFT) calculations were performed on a simplified structure of the complex. The coordinates of the crystal structure were first altered to replace the hexyl chains with methyl groups for computational simplicity, as they do not contribute electronically. This structure was then 55 optimised using DFT in Gaussian09 22 using the B3LYP functional and the 6-31G** basis set for C, H and N atoms and the Stuttgart relativistic basis set and effective core potential (ECP) for Ir. The optimised structure was then used for time-dependent DFT 60 (TDDFT) calculations with the same basis sets and the CAM-B3LYP functional, which describes charge-transfer transitions more accurately. 23 Table 2 lists the orbital contributions for the first singlet transitions, which support our assignments of the low energy, weak bands to MLCT transitions and the higher energy, 65 more strongly absorbing bands to intra-ligand transitions, in particular from the fluorene pendant of L1 to the phenanthroline moiety. There are six triplet states calculated before the first singlet state, the lowest of these, T 1 -S 0 is described as a mixture of MLCT 70 from the Ir(III) d orbitals to the phen (30 %) and intra-ligand transitions located on L1 (50 %) the remainder is made up of many smaller contributions. IrppyL1 by cyclic voltammetry (C.V.) (see Figure 4) , characteristic of the oxidation of Ir(III) to Ir(IV). This experiment was conducted in a classical cell at 1 mM concentration in acetonitrile with tetraethylamonium hexafluorophosphate as the electrolyte. In addition, the redox potential was also measured in a tailored spectro-electrochemical 20 cell, which allows monitoring of the emission intensity upon an electrochemical signal. The emission can be partially switched off by oxidation of the metal from Ir(III) to Ir(IV) as shown in Figure 5 . This shows that the removed electron is responsible for the emissive transition and supports the assignment of MLCT 25 character for this transition. Unfortunately it has not been possible to restore the luminescence upon re-reduction, possibly because of oxygen production at the counter electrode acting as a quencher. 
Stern-Volmer Studies
Since ground state (triplet) oxygen is a very efficient dynamic or collisional quencher of triplet excited states in platinum group complexes, Stern-Volmer analysis can provide a measure of the efficiency of this quenching process in terms of the quenching 40 constant K sv . In this regard, the potential of IrppyL1 to act as a triplet oxygen sensitiser, was assessed by determining both the emission intensity and phosphorescent lifetime in degassed, air equilibrated and oxygen-saturated acetonitrile solutions The resulting relative lifetimes (τ 0/ τ) and intensities (I 0 /I) were then 45 determined and plotted against the partial pressure of oxygen in solution to give the slope as K SV , the Stern-Volmer quenching constant of triplet O 2 in this system (see Figure 6 ). Estimated error in I/I0 based on 3 repeat measurements = ± 2%, calculated lifetime error < ±1% in all measurements and R 2 = 0.99 for both plots.
In fluid solution, the dependence of emission intensity and 55 lifetime with quencher concentration is given by the SternVolmer equation (Eq. 1): 
Two-Photon Absorption Studies
The emission profile of IrppyL1 was shown to be identical to the one photon emission profile following non-resonant two-photon excitation with 150 fs nIR laser pulses (700-1000 nm), indicating that the same excited state is accessed by either method as 45 anticipated (see ESI). This inference is corroborated by the fact that the two-photon excitation spectrum at half the wavelength is superimposable upon the one photon excitation spectrum. The occurrence of a two-photon nonlinear process was further confirmed by power dependence measurements that showed a 50 quadratic relationship of the two-photon induced emission intensity on laser power; this method has been described previously. The 2PA cross section was determined with reference to fluorescein in 0.01 M NaOH, for which σ 2 is well known. 13 The complex Ir(ppy) 2 L1 exhibits a 2PA cross-section (σ 2 ) of 55 around 10 GM over a broad excitation range (800-1000 nm) due to non-resonant absorption populating the intra-ligand excited states in addition to the MLCT. Due to an increase in the IL character at shorter wavelengths, (supported by TDDFT) the σ 2 value then increases from 10 to 80 GM between 700 and 800 nm. 60 These values are comparable to those obtained for the analogous Ru(II) complex [Ru(phen) 2 L1][PF 6 ] 2 (10 GM at 900 nm, and 50 GM at 750 nm). 26 It is remarkable that the very weak resonant absorption band attributed to the 3 MLCT is relatively large by two-photon process (same average value for the 2PA cross-65 section at 960 and 800 nm, see Figure 7) ; the symmetry and/or spin characteristics of this transition may well lie at the origin of this observation. 
In vitro experiments
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In preliminary in vitro experiments, confocal microscopy was used to evaluate C6 Glioma cell damage induced by photodynamic effects in the presence of IrppyL1 under twophoton irradiation. The cell morphology is observed to change from an elongated (fibroblast) shape to round when they become 80 unhealthy. C6 cells are a model of Glioma which represent a type of malignant tumour that originate in the brain, spine and nervous system. They may be considered to be the cause of aggressive primary brain tumours, which renders both C6 and Glioma cells attractive targets for PDT.
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As a control experiment, a sample of cells in the absence of IrppyL1, was irradiated at 740 nm (32.5 µW) for 5 minutes (which corresponds to two cycles of irradiation). After this time, there was limited damage to the cells and only 7% of the total number of cells underwent a change in morphology. Therefore, it 90 can be concluded that irradiation alone does not adversely affect the cells. and we are currently investigating the mechanism(s) of cell damage in the presence of this and related photosensitisers. In addition to as (two-photon induced)-photodynamic therapy, due to the high efficiency of luminescence quenching in the presence of oxygen, the complex could also be utilised for oxygen sensing 45 in other applications. 
Photophysical Characterisation
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UV-Visible spectra were recorded on a Shimadzu UV-2600 spectrometer using quartz cuvettes with a path length of 1 cm. Steady state emission spectra were recorded in quartz cuvettes on an Edinburgh Instrument FP920 Phosphorescence Lifetime Spectrometer equipped with a 5 W microsecond pulsed xenon 20 flashlamp (with single 300 mm focal length excitation and emission monochromators in Czerny Turner configuration) and a red sensitive photomultiplier in peltier (air cooled) housing, (Hamamatsu R928P). Lifetime data were recorded following excitation with EPL 405 picosecond pulsed diode laser 25 (Edinburgh Instruments) using time correlated single photon counting (PCS900 plug-in PC card for fast photon counting). Lifetimes were obtained by tail fit on the data obtained and quality of fit judged by minimization of reduced chi-squared. Absolute quantum yields were measured using an integration 30 sphere (Edinburgh Instruments).
Stern-Volmer Analysis
A dry degassed acetonitrile solution of IrppyL1 was prepared in a glove box in a quartz cell equipped with a Young's tap (10 mm 35 x 10 mm) for the oxygen free measurements. This solution was left open to equilibrate with the air for 1 hour to obtain an aerated sample and then bubbled with oxygen for 5 minutes to obtain an oxygen-saturated solution.
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Electrochemistry
Measurements were performed on N2 degassed acetonitrile solutions of 1 mM concentration, and tetrabutylammonium hexafluoro phosphate was used as the electrolyte salt. Cyclic voltammetry was performed in a three-electrode cell with a potentiostat (Versa-45 STAT4, Princeton Applied Research) driven by a PC. Platinum disk was used as the working electrode, with platinum wire as the counter and Ag wire as the reference electrode. Electrochemical monitoring of the luminescence was performed in a tailored thin layer spectroelectrochemical cell coupled to a Fluorolog 50 3 (Horiba) spectrofluorimeter through optical fibers and driven by a CHI-600 potentiostat.
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In vitro cell experiments Two-photon microscopy. C6 glioma cells were seeded at a density 55 of 5x10 3 cells per well in 96-well plates and grown in Dulbecco's Modified Eagle Medium F12, enriched with 10% fetal calf serum (FCS) and antibiotics (penicillin 50 U/ml, streptomycin 50 mg/ml). After 24 h, cells were treated with IrppyL1 at concentrations of 1 mM and 10 mM. A laser-scanning 60 microscope LSM 710 NLO Zeiss (Iena, Germany) was used. Excitation was provided by a CHAMELEON femtosecond Titanium-Sapphire laser (Coherent, Santa Clara, USA) set at 740 nm with a photon flux of 0.025 mW/cm 2 . Living cells were deposited in glass bottom box and were imaged with a 63 x 1.4 65 NA oil objective lens. The pathology of these cells is not affected by the presence of small quantities of DMSO.
Nonlinear Optical Measurements
The two-photon absorption spectra of the Ir(ppy) 2 L1 complex 70 was determined in the 700-1000 nm range by investigating its two-photon excited luminescence (2PEL) in deoxygenated 10 -4 mol.L -1 acetonitrile solution in a 10 mm x 10 mm quartz cuvette. The measurements were performed using a Nd:YLF-pumped Ti:sapphire oscillator generating 150 fs pulses at a rate of 76 75 MHz. The excitation was focused into the cuvette through a microscope objective (10x, NA 0.25). The luminescence was detected in epifluorescence mode via a dichroic mirror (Chroma 675dcxru) and a barrier filter (Chroma e650sp-2p) by a compact CCD spectrometer module, BWTek BTC112E. Total 80 luminescence intensities were obtained by integrating the corrected emission spectra measured by this spectrometer. 2PA cross-sections (σ 2 ) were determined from the two-photon excited luminescence cross-sections (σ 2 Φ) and the luminescence emission quantum yield (Φ). 2PEL cross-sections of 10 -4 M 85 solutions were measured relative to a 10 -4 M solution of fluorescein in 0.01 M aqueous NaOH for the range 700-1000 nm, using the well-established method described by Xu and Webb 13 and the appropriate solvent-related refractive index corrections. 30 Data points between 700 and 715 nm were corrected. 31 The 90 quadratic dependence of the luminescence intensity on the excitation power was checked for each sample at all wavelengths, indicating that the measurements were carried out in intensity regimes where saturation or photo-degradation did not occur.
